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TABLEIL Datasets included in the CT18(Z) NNLO global analyses. Here we directly compare the quality of fit found for CT18 NNLO "
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vs CT18Z NNLO on the basis of y2, y3/N , z, and S, in which N, , x% are the number of points and value of y2 for experiment E at 10™ 10™ 10 10 100 02 05 09 10 10 107 10 L 10002 05 09

the global minimum. S is the effective Gaussian parameter [38,42,56] quantifying agreement with each experiment. The ATLAS 7 TeV
35 pb~' W/Z dataset, marked by $1, is replaced by the updated one (4.6 fb™') in the CT18A and CT18Z fits. The COHSW data, labeled TABLEIL Like Table I, for newly included LHC measurements. The ATLAS 7 TeV W/Z data (4.6 fb~!), labeled by #, are included in

by T, are not included in the CT18Z fit. The numbers in parentheses are for the CT18Z NNLO fit. the CT18A and CT18Z global fits, but not in CT18 and CT18X.
Exp. ID# Experimental dataset Nk 1% X5/Npie Sg Exp. ID# Experimental dataset Npie 7 22/N ik Sk
160 HERAI +1I 1 fb~!, H1 and ZEUS NC and [30] 1120 1408 (1378) 1.3 (1.2) 5.7 (5.1 245 LHCb 7 TeV 1.0 fb~! W/Z forward rapidity cross sec. [81] 33 53.8 (39.9) 1.6 (1.2) 22 (0.9)
CC eip reduced cross sec. comb. 246 LHCb 8 TeV 2.0 fb~! Z — e~e* forward rapidity cross sec.  [82] 17 17.7 (18.0) 1.0 (1.1) 0.2 (0.3)
101 BCDMS F} 571 337 374 (384) 1.1 (1.1) 14 (1.8) 248% ATLAS 7 TeV 4.6 ft_;l‘1 W/Z combined cross sec. [39] 34 287.3 (88.7) 8.4 (2.6) 13.7 (4.8)
102 BCDMS Fg [58] 250 280 (287) 1.1 (1.1) 1.3 (1.6) 249 CMS 8 TeV 18.8 fb_1 muon charge asymmetry A, [83] 11 114 (12.1) 1.0 (1.1) 0.2 (0.4)
104 NMC F¢/F?} [59] 123 126 (116) 1.0 (0.9) 0.2 (-0.4) 250 LHCb 8 TeV 2.0 fb _VI[’/Z Cross sec. [84] 34 73.7(594) 21 (1.7) 3.7 (2.6)
106f SDESWE; (0] 85 86E6H  LOU0 010D G Ry 5 o singe inch ot row scc. k=07 [36] 155 1947 (1866 1202 207
1097 CDHSW x5 F? [60] 96 86.5(856)  09(09) —0.7(=0.7) (extendzd ny single Incl. jet cross sec., R =0. [s6] Tasse 12042 201D
P

10 CCER sz [61] 69 188 (610) 111} 09 (05 544 ATLAS 7 TeV 4.5 b7, single incl. jet cross sec., R=0.6  [9] 140  202.7 (203.0) 14 (1.5) 33 (34
bk CCFR xpF3 (62] 86 33.8 31.4) 04 (0.4 =52(-5.6) 545 CMS 8 TeV 19.7 fb~!, single incl. jet cross sec., R = 0.7 [87] 185 2103 (207.6) 1.1 (1.1) 1.34(1.2)
124 NuTeV vjuu SIDIS 631 38 18.5 (303)  05(08) —27(-0.9) niteiageiagl ’ ’

15 NuTeV g sIDLs o 9 85667 1207 0725 [T573 CMS 8 TeV 19.7 b, 7 norm. double-diff. top py and y  [88] 16 189 (19.) 12 (1.2) 06 (0.6)
126 CCFR vpp SIDIS [64] 40 299 (3500 07 (0.9) -1.1(-0.5) Cross sec.

127 CCFR vpuu SIDIS 641 38 1987187  05(0.5  —=25(=27) | 580  ATLAS 8 TeV 203 fb™", 7 p}, and m;; abs. spectrum 89] 15  94(10.7) 0607 —1.1(-08)
145 H1 o? [65] 10 6.8 (7.0) 0.7 (0.7) —-0.6 (-0.6)

147 Combined HERA charm production [66] 47 58.3 (56.4) 1.2 (1.2) 1.1 (1.0)

169 Hl F, [33] 9 17.0 (15.4) 1.9 (1.7) 1.7 (1.4)

201 E605 Drell-Yan process [67] 119 103.4 (102.4) 0.9 (0.9) -1.0(-1.1)

203 E866 Drell-Yan process 6,,/(26,,) [68] 15 16.1 (17.9) 1.1 (1.2) 0.3 (0.6)

204 E866 Drell-Yan process Q°dc,,/(dQdxy) [69] 184 244 (240) 13 (1.3) 2.9 (2.7)

225 CDF run-1 lepton A,;, prs > 25 GeV [70] 11 9.0 9.3) 0.8 (0.8) —03(-0.2)

227 CDF run-2 electron A, pry > 25 GeV [71] 11 13.5 (13.4) 1.2 (1.2) 0.6 (0.6) H

234 D@ run-2 muon A, pre > 20 GeV [72] 9 9.1 (9.0) 1.0 (1.0) 02 (0.1) TOp—quark productlon measurements at the LHC 8TeV
260 D@ run-2 Z rapidity [73] 28 169 (18.7) 0.6 (0.7) —1.7(~13) . . .

261 CDF run-2 Z rapidity 741 29 487(611) 1721  22(33) included in the CT18 global anaIyS|s.

266 CMS 7 TeV 4.7 fb~!, muon A,;, prs > 35 GeV [75] 11 7.9 (12.2) 0.7 (1.1) —-0.6 (0.4)

267 CMS 7 TeV 840 pb~, electron A, pre > 35 GeV [76] 11 4.6 (5.5) 0.4 (0.5) -1.6(-1.3)
268+ ATLAS 7 TeV 35 pb~! W/Z cross sec., A, [77] 41 44.4 (50.6) 1i1{(1.2) 04 (1.1)

281 D@ run-2 9.7 fb~! electron A, pry > 25 GeV [78] 13 22.8 (20.5) 1.8 (1.6) 1.7 (1.4)

504 CDF run-2 inclusive jet production 791 72 122 (117) 17(1.6) 3532 Chosen such that:

514 D@ run-2 inclusive jet production [80] 110 113.8 (115.2) 1.0 (1.0) 0.3 (0.4)

* maximal amount of information included
* minimal conflict/tension with other data sets
and among them
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Experimental data in CT18 PDF analysis
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Jet and tt complement
each other in the
kinematic plane.

They impact the gluon
PDF at large x. Important
to disentangle the effect
due to jet production and
top-quark data.

Top and jet Data in CT18

Top-quark

1511.04716 ATLAS 8 TeV tT pT diff. distributions
1511.04716 ATLAS 8 TeV tT mtT diff. distributions
1703.01630 CMS 8 TeV tT (pT, yt ) 2d diff. distrib.

Jet production

1406.0324 CMS incl. jet at 7 TeV with R=0.7
1410.8857 ATLAS incl. jet at 7 TeV with R=0.6
1609.05331 CMS incl. jet at 8 TeV with R=0.7

CT18 includes two tt 1D differential observables from ATLAS (using

| statistical correlations) and double differential measurements from
1 CMS in order to include as much information as possible.

Some of the observables are in tension with each other.



What we learned from the CT18 global
analysis

Ratios of NNLO tt and Z cross sections

ATLAS
® stat. unc.
= +expt. syst.
+ +lumi.
4 CT18 NNLO
v CT18A NNLO
* MSHT20 NNLO
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Some disagreement with g,7(8 TeV)?
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Figures: Keping Xie
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tt data at the LHC 8 TeV in CT18

Effect of correlated errors in fitting the CMS data is relatively minimal.

Good description of the analogous ATLAS pTt and mtt critically depends on
the use of nuisance parameters to compensate for correlated systematics.

Observed effect on the CT18 PDFs is modest, when ttbar data are included
together with the Tevatron and LHC jet production.

Inclusion of 1d or 2d differential Xsec would not lead to a significant
reduction of the CT18 PDF uncertainty.

Impact on the gluon PDF compatible with the jet data. Jet data provide
stronger constraints due to their larger numbers of data points, wider
kinematic range, and relatively small statistical and systematic errors.

ATLAS ,Vs=8 TeV,L=203 [fb]'  dog/dmg
i ; i
1 % )
t —— Unshifted data

— CT18,90% C.L.

-+ Shifted data for CT18

m [GeV]

1000

CT18, PRD 2021



Lagrange Multiplier scan: g(x = 0.3,125 GeV)

CT18 NNLO + unfitted ATLAS 8 TeV top single-diff. data

In under-constrained
directions, the Lagrange
Multiplier method
complements the Hessian
approach.

There is some tension
between the ttbar
observables that

leads to different pulls
on the gluon distribution
that each prefers.

6500 core hours
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Fair overall agreement. But observe
strong opposite pulls from CMS7
and CMS8+ATLAS7 jet production
data sets

tt production: ATLASS vy, and y;
distributions (absolute or
normalized) agree with HERA DIS,
oppose ATLAS8 d*a /(dpy cdmyz)
and CMS8 dzo-/(de,tdyt,ave)

Figure: P. Nadolsky



LHC 13 TeV tt measurements in CT1I8NNLO

JHEP 1902 (2019) 149, 2019 - arXiv:1811.06625
« CMS: Measurements of tt differential cross sections at 13 TeV using events containing two leptons (1D); 35.9 fb~1IL

JHEP 01 (2021) 033, 2021 - arXiv: 2006.09274
« ATL: Measurements of tt differential cross-sections at 13 TeV in the all-hadronic channel (1D); 36.1 fb~1 IL

Label in data lst m_m

520 ATL13mtt ATLAS Nuisance par: given
521 ATL13ytt 12 67 ATLAS Nuisance par: given
522 ATL13HTtt 11 67 ATLAS Nuisance par: given
523 ATL13pTt1 10 67 ATLAS Nuisance par: given
524 ATL13pTt2 8 67 ATLAS Nuisance par: given These are full
phase space
525 CMS13 7 6 CMS Nui : Si Kd absolute
mtt uisan par: Sigma-K dec measurements
526 CMS13pTt 6 5 CMS Nuisan par: Sigma-K dec
527 CMS13yt 10 9 CMS Nuisan par: Sigma-K dec
5 28 CMS13ytt 10 9 CMS Nuisan par: Sigma-K dec



ePump gluon PDF from ATLAS and CMS 13 TeV tt data

ATLAS 13 TeV
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Here, data are included individually one at a time.
{1 Error PDF Updating Method (ePump):
impact from each individual data set from

ATL and CMS at large x, (x > 0.5) at Q=100 GeV.

Pulls from different distributions at large x
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seem to be consistent in ePump

CT18NNLO 90% C.L.



Global fit: Impact from ytt 1D from CMS + ATLAS
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PDF Ratio to CT18NNLO
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|
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12 ; chi”™2 = 12.796140 S= 0.29377 chi”2/N = 1.06634

10 ; chi”2 = 6.415790 S= -0.77071 chi”~2/N = 0.64158



Global fit: Impact from all ATL 1D: ytt, mtt
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0T1, pT2, Htt

ATLAS
mtt DATA SET 520 ; chi”2/N = 1.45793
ytt DATA SET 521 ; chi”2/N = 1.06780
HTtt DATA SET 522 ; chi”2/N = 1.72802
pTtl DATA SET 523 ; chi”2/N = 1.32391
pTt2 DATA SET 524 ; chi”2/N = 1.58153

For now, data sets from each
Experiment are included with
no statistical correlations

OTt, ytt

2(x,Q) atQ =1000 GeV 90%C L.

CMS

3 1 mtt DATA SET 525 ; chi”2/N = 3.02887
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Global fit: Impact from all tt data at 13 TeV ATL+CMS
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Cumulative impact: gluon affected at x > 0.1
Small impact at intermediate x



tt @ LHC 13 TeV: Data vs Theory

CMS, JHEP 02 (2019) 149, 2019

Distributions consistent with
softer gluon at large x

LHC 13 TeV, m,_172 5 GeV LHC 13 TeV, m,_172 5 GeV

data/theory(ct18nnlo)

12 ¢ CMS data 35.9fb™ ZII2 GT18ZNNLO 68% C.L. « CMS data 3591
“1 CIFERHER COCL. L4 C2CT CT18ZNNLO68%C.L.
il : - 32{2’,2E§EW CT18NNLO 68% C.L.
== | | : g o ioTiRE Sensitive to the reconstruction of the
10—t rte + e ORI top quark from particle-level final states
. I 5 g TR (Czakon, Mitov, Poncelet, 2008.11133)
9r 3
S osf
08 CT18, PRD 2021 [
0.6f
075 100 200 300 400 500 500 1000 1500 2000 2500
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Discussion: Conclusions and the Big Picture

We discussed the impact of top-quark pair production at LHC data on CTEQ-PDFs
tt measurements are critical to understand the gluon at large x

Precise new data available from ATLAS and CMS at LHC run Il need to be fully
exploited together with information about systematic errors

Impact of tt production at the LHC 13 TeV will further complement that of jet data on
the gluon PDF.

tt and jets overlap in the Q-x plane, but matrix elements and phase space
suppression are different and constraints on the gluon PDF may be placed at different
values of x.

Detailed information on both covariance and nuisance parameter representations for
experimental errors is critical for full exploitation of data in PDF determinations

Critical to Constrain m¢, ag, g correlations
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Recent C

e 1912.08801 (czakon, Dulat, Hou, et. al.) Exploratory study of 8 TeV tt 2D diff. Distrib.

@CMS with ePump (Error PDF Updating Method) code.

EQ related exploratory studies with ePump

e 2003.13740 (Kadir, Ablat, Dulat, Hou, Sitiwaldi) Impact of 8 TeV tt 1D diff distrib. @ATLAS

and CMS with ePump

» Differential distributions provide minor constraints on the gluon PDF when inclusive jet production data are

included in the analysis. The impact depends on what data baseline is used.

* Pulls in different directions at large x observed for different distributions
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ratio

Results from other PDF groups

gat17 Gev NNPDF Coll. Forthcoming NNPDF4.0 (Figure: E. Nocera’s talk at DIS2021)

NNPDF4.0 (68 c.l.+10)
N1 NNPDF4.0 (no jets) (68 c.l.+10)
NNPDF4.0 (no top) (68 c.l.+10)

tt : while there is overall
agreement between CT18 and
other groups, NNPDF and

MSHT have observed

more impact from tt observables
e 107 107 107 10° in their fits.

g (NNLO) PDF ratio to MSHT20 at Q2 = 10* GeV?
1.10 T T

Default

No decor.
p.s. across
Max decor.

MSHT20 (Figure: Bailey, Cridge et. al. EPJC 2021, 2012.04684)

Difficulties in fitting simultaneously the ATLAS 8 TeV

0.90

e pTt, yt, mtt, ytt distributions due to systematic PS errors.
- The parton-shower error has been decorrelated across bins
to improve the description.

1072
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In more details
g(x=0.3; Q=125 GeV)

| CMSTjet &3

&1 CMsSB8jet
" 1 ATLASTjet

| cMssttbar ’

°we. 3
’“M‘- il ans®®
'y,

| ATLASSttbar \

| CDHSW F2

185457056028 03 0.32 0.34 0.36 038
g(x=0.3,Q =125 GeV)

Lagrange Multiplier Scans

T |

At large x=0.3, Q=125 GeV,
CMS + ATLAS jet data and
CDHSW F2 data dominate the
constraint on g-PDF.

CMS 8 TeV t-tbar (pT _t,y t) data
provides similar constraint as
HERA I+l data on g-PDF,
favoring softer gluon.

ATLAS 8 TeV t-tbar (pT_t ,M_tt)
data provides similar constraint
as DO Run 2 jet data on g-PDF,
favoring harder gluon.

Some tension found in CMS7
(favoring softer gluon) and CMS8
(favoring harder gluon) jet data.




